Complex breakup behavior in the revival wave has been observed in the Belousov-Zhabotinsky(BZ) reaction system containing 1,4-cyclohexanedione (1,4-CHD) in the dish divided into two compartments with a sliding window. A same reaction mixture is poured into the two compartments individually with time difference. Wave propagation exhibited different behavior in the revival wave of the reaction system. This was largely dependent on the progress time prior to the pouring into each compartment and on the gap between the times of pouring into the two compartments. The revival wave in the reaction system is induced spontaneously as a new wave train with a long time lag after the disappearance of the initially induced wave. A thoroughgoing study of the chaotic breakup of propagating chemical wave train was to be possible since the revival wave has a longer wavelength, clearer wave-train patterns, and longer duration period.
Introduction
Chemical wave formation is one of the central problems in the study of modern macroscopic reaction kinetics. In the last decade, pattern formation in perturbed reaction-diffusion media has attracted increasing attention from scientists working in several disciplines. Specifically, there have been numerous studies on the problems which may influence to the reaction-diffusion phenomena, 1,2 such as chemically reacting fluids, 3, 4 interacting populations and ecosystems, 5 and systems with propagating fronts. 6, 7 By definition, there are no flows involved in a reaction-diffusion system; any mixing between the different species is achieved solely through diffusion. The flow of fluids significantly enhances the mixing of reactive substances mostly in the real systems. Occurrences like this are beyond diffusion alone. The advective mixing of a reactive substance itself has a significant influence on pattern formation process. This is particularly important when we consider the recent studies showing that a mixing can be chaotic even for simple, well-ordered laminar fluid flows. 8, 9 In addition, there have been several theoretical and numerical studies considering the influence of chaotic advection on chemical and biological pattern-forming systems. [10] [11] [12] [13] And studies have also indicated that chaotic mixing in reacting systems typically produces filamentary patterns with the filaments mimicking the structures used to describe chaotic mixing in the flows. [14] [15] [16] The BZ reaction is one of the systems which have laid a solid foundation in understanding many natural phenomena through the reaction-diffusion (RD) mechanism. One such phenomenon is the periodic pattern formation among living systems. 17 Its importance is the main reason behind the extensive studies which delved on this class of chemical system. An important example is the system's wide variety of biological implications. Zhaikin and Zhabotinskii 18 were the first to describe propagating waves in the BZ reaction system. Such a system shows periodic or complex spatio-temporal dynamics, including chaotic behavior. [18] [19] [20] [21] [22] For more than three decades, the BZ reaction has been used to study various non-linear phenomena such as oscillation, excitability, chaos, pattern formation, and wave propagation. These phenomena are found within the realm of biology over a broad range of complexity. The mechanism of pattern formation is one of the key issues in nonlinear chemistry and physics, developmental biology, and ecology. In terms of experimentally induced spatial phenomena, the used substances are known and the products are detectable. In this point, it is relatively easy to study the molecular mechanism behind the pattern formation. For this reason, it has become a model system used for studying many physical, chemical, and biological pattern phenomena obtained under conditions far from equilibrium. Since the patterns are created by the internal dynamics of the system, the process is called spatiotemporal self-organization. This is common in most of the natural systems. 18, [23] [24] [25] [26] [27] [28] [29] [30] The BZ reaction means the oxidation reaction of an organic substrate through the use of bromate under the action of a catalyst (a metal-ion redox couple) in an acidic environment. 31, 32 In the widely studied or traditional version of the BZ reaction, malonic acid (MA) is used as the organic substrate. However, the reaction system has an inevitable drawback producing carbon dioxide gas from malonic acid, which induces hydrodynamic disturbances in the long term observations of the spatial pattern generations and propagating waves. For this reason, a variety of new substrates have been introduced to replace MA in the aim of overcoming the problem. Although many substrate analogues of the traditional BZ system are known, only a few has been utilized so far relating with the studies of wave propagation. 33 The gas-free BZ-system using diketonic compound such as 1,4-cyclohexanedione (1,4-CHD) instead of malonic acid has attracted increasing attention in the last decade. Another attractive property of the CHD system is complicated non-linear pheno-mena that account for wave stacking and merging 34, 35 not observed in the traditional BZ system and its complicated response to the illumination of visible light. It means that an intensive investigation on wave propagation in the BZ system containing 1,4-CHD can reveal new dynamic phenomena previously undetected in the traditional BZ system.
Recently, Huh et al. have discovered an unusual wave train in the bromate-1,4-cyclohexanedione-ferroin-sulfuric acid reaction system which induces two types of wave with a long time lag. [36] [37] [38] [39] A new wave is induced as a secondary or revival wave after the complete disappearance of an initially induced wave in the form of a concentric target pattern differently from the initially induced wave showing a spiral pattern with a high wave frequency. The variation of the reactant concentrations significantly altered the initiation and duration of the initial waves in the system. However, the variation has a small effect on both the dormant times and the appearance of the secondary waves. The dormant times pertain to the transient period prior to the appearance of secondary waves. The revival wave pattern achieved through a chemical effect and an environmental stimulus, such as the illumination of visible light, 37, 38 has likewise been reported. Previous investigations have suggested that the reaction mechanism governing revival wave formation in the system might be different from the initial waves. In addition, the initiation of the two waves might be induced through different reaction mechanisms in the same initial reaction system. [36] [37] [38] [39] In a series of reports by Steinbock et al., [40] [41] [42] [43] the anomalous dispersion in excitable media of the wave dynamics in a thin capillary tube filled with CHD-BZ solutions has been presented. The study demonstrated the existence of an instability in which an initially periodic wave train decays into an aperiodic one ("pulse bunching"). In doing so, evidence for the interaction between successive pulses have been provided. These pulses either induce stable bound wave packets formation or facilitate apparent merging of pulses in back-tofront collisions. 40 Furthermore, three-dimensional scroll waves that can rotate around filaments were observed. This finding is of prime importance because it broadens current understanding of the topological constraints governing basic characteristics of scroll wave filaments. 41 In this study we have examined a chaotic breakup of the propagating wave-train by using a half-divided Petri dish partitioned into two compartments with a sliding window. The reaction system of bromate-1,4-cyclohexanedioneferroinsulfuric acid which induces two wave patterns of the initial and the revival wave has been employed. Two stages of wave pattern are induced in each compartment by pouring two suspensions of same concentration but with time gap pouring into each compartment. The chaotic breakup of propagating wave-train was induced spontaneously in the stage of the revival wave by opening the sliding window, and the breakup of the wavelength of the revival wave depended on the concentration of [Bromate]0 and [1,4-CHD]0, and the time gap of pouring between the two compartments.
Experimental Section
The propagating chemical wave was observed in a thin layer of cation exchange resin loaded with the metal catalyst of ferroin. The analytical grade cation-exchange resin (Dowex 50W-X4) of mesh 400 (bead diameter 40 -70 µm) was purchased from the Sigma company. Because the purchased cation resin is slightly acidic, these beads were first washed several times by distilled water to neutralize to load ferroin catalyst to the cation beads. Afterwards, the resin was loaded with ferroin by mixing a measured quantity of resin beads with a specific volume of ferroin solution and by gently stirring for an hour. 38 The ammount of ferroin immoblized by the cation resin is then calculated from the difference in the ferroin concentration of the the bulk solution. Stock solutions were prepared from NaBrO3 (Aldrich, 99%), 0.6 M, dissolved in distilled water; 1,4-cyclohexanedione (Fluka, 98%), 0.2 M, dissolved in distilled water; sulfuric acid (Aldrich, 98%), 2 M, dissolved in distilled water. 0.025 M Fe(phen)3SO4 was purchased from Sigma ( > 99%). All the reagents were used in their commercial grade without further purification.
To begin our experiments, two reaction mixtures with same concentration of reagents and same amount of resin beads loaded with same concentration of ferroin were prepared with long time gaps for the two separate compartments of the half-divided Petri dish (10 cm in total diameter) as 25.0 mL reaction mixture containing 2.5 g of beads for each compartment. The concentration of ferroin is calculated by using the total amount of ferroin contained in the 2.5 g cation resin divided by the volume of the reaction mixture of 25 mL. The reaction mixtures were poured into each compartment of the half-divided dish with time gap of pouring, which formed a uniform thin film of resin on the bottom of the half-divided Petri dish. The tickness of the bead film was calculated from the volume of the resin divided by the area of the bottom of he Petri-dish, which gave us a magnitude of 1 ± 0.3 mm. The half-dish was manufactured by special order from the Yuil Scientific Co. It was designed to prevent mixing the solution from one compartment to the other before opening the window. The partition has a thin sliding window 5 mm in length. All experiments were monitored with a CCD camera (Sony, SSC-370) equipped with a zoom lens (Niko, 1.4X). The CCD camera was connected to a personal computer running a frame grabber (Flash Point, Opimus 6.1). The wave features, including the wave velocity and the wavelength were measured by time processing in the computer. The schematic procedure of experimental system is presented in Figure 1 .
To generate two wave patterns within the reaction system, the two identical suspensions of the reaction solution were poured into the compartments at different times. When a revival wave was induced in the first compartment (compartment-I), the second reaction mixture was added to the second compartment (compartment-II). The sliding window was carefully opened once the revival wave was observed in compartment-I to allow the interchange of the two mixtures in the system by liquid diffusion. The state of wave behavior in the dish may be expressed as t + ∆t, where t is the processing time of the mixture in compartment-I and ∆t is the time interval between the additions to the two compartments; consequently, t + ∆t corresponds to the processing time of the reaction mixture in compartment-II. A reaction time of 1500 min induces a revival wave completely in compartment-I and 60 min induces an initial wave in compartment-II, which corresponds to t = 1500 min and ∆t = -1440 min.
Results and Discussion
Revival wave induced by the system in a non-divided dish. Before the experiments in the half-divided dish, a test experiment was performed in a non-divided dish to identify a revival wave in the system. After an induction period of about 60 min, reddish spots began to appear spontaneously over the surface of the resin layer. Spiral waves then initiated from each spot, as shown in Figure 2a . At this stage (stage I), these waves show an irregular spiral pattern with a high frequency, similar to the results obtained in the BZ reaction using malonic acid. 39 A characteristic behavior of the wave pattern was obtained in the system as the reaction time was extended. The initially obtained wave disappeared after about 90 min, as shown in Figure 2b . This stage (stage II) persists for about 1000 min, without the generation of any wave pattern. A new wave is subsequently spontaneously induced, as shown in Figure 2c . The new waves obtained during this stage (stage III) are the revival waves in the system, and are markedly different from those observed initially and shown in Figure 2a . There occurs a concentric target pattern with a regular propagating front, and the wavelength is long relative to that of the initially induced wave. The typical characteristics of the two waves obtained in the system are summarized in Table 1 . The detailed behavior of the reaction system in a non-divided Petri dish has been discussed in detail by Huh et al.
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Propagating revival wave in a divided dish. Figure 3 presents a series of snapshots showing the breakup of revival waves in the bromate-1,4-cyclohexanedione-ferroin system in the half-divided dish with ∆t = -1440 min after the two compositions are poured into the dish separately with a 60 min interval. Figure 3a shows the state before the sliding window is opened a, while Figure 3b 
Sum of the induction period and duration of the initial wave b)
Corres-ponding the break period opening. The waves obtained in compartment I are revival waves and those found in compartment II are the initial waves. 38 Figure 3b and c illustrate the state of the half-divided dish at t = 1530 and 1545 min, respectively. The changes obtained in both compartments are hardly noticeable and disappeared gradually as shown in Figure 3c . pattern changes can be obtained in both compartments. It has been established that CHD-BZ is quite different from the classical BZ system in terms of chemical kinetics and nonlinear dynamics. Significantly, the dispersion relation for the CHD-BZ system wave trains is quite unusual as reported by Steinbock et al. 42 The CHD-BZ spatio-temporal behavior is associated with the stable focal characteristics of the steady state. This is considered unusual compared to the nodal steady state in the classical BZ system. Therefore, relaxation behavior is not merely exponential but a periodic function of time. The reaction intermediating among different reaction kinetics could interchange by diffusing through the window. In addition, this can produce a dynamic wave formation instability that creates a functional heterogeneity of the medium in compartment I. This might have induced the breakup of revival waves in compartment I, as shown in Figure 3d . Therefore, an unusual system behavior with reaction kinetics differing with reaction progress seems to be a major factor in inducing an easy breakup of a propagating wave-train.
Another type of breakup in revival waves is also achieved by varying the reaction time in each of the two compartments. Figure 4 shows the wave propagation with ∆t = -1020 min. As illustrated in Figure 4b , an initial wave was not induced before opening the sliding window in compartment II, though a kind of revival wave was already induced in compartment I. Due to the short reaction time, it can be observed that the wavelengths of the revival wave in compartment I are also shorter. Figure  4c shows a continuous no wave state in compartment II. Moreover, some wave-breaks in the revival wave appearing in compartment I only have minute changes in wavelength. Figure 4d proved that an initial wave has appeared in compartment II and the breakup of the revival wave extended gradually into compartment I. The induction of an initial type wave in compartment II is not much affected by the reaction mixture that induces a revival wave.
However, these time gaps in pouring did not always induce wave-breaks in the propagating wave-train of the revival wave. Figure 5a illustrates a state in compartment II in which the initially induced wave disappeared completely. The wave pattern obtained in compartment I is exactly the same as shown in Figure 4 . Huh et al. indicate that the break-period of the 1,4-CHD system does not induce any type of wave. Furthermore, it sustains long periods at a reduced metal catalyst state with red color. 38 In other words, the medium during break-period is unexcitable. Figure 5b , c, and 5d exhibit the states after opening the window at 65, 80, and 95 min episodes, respectively. Regardless of the time episodes, the break-period continues in compartment II and the wavelengths of the propagating revival wave increased rather differently. The results shown in Figure 4 imply an impossibility of wave-breaks in this system. However, a major change in wave patterns has occurred in Figure 5e . The revival wave in compartment I changed into a very dense wave by accommodating itself through a new wave induction in compartment II. This new wave can be interpreted as a kind of revival wave since its reaction time and break-period in compartment II matches the general break-period in a non-divided dish. Afterwards, the propagation of the revival wave in compartment I adopted a spiral wave behavior as shown in Figure 5f , g, and h. Lastly, another kind of spiral wave which broke into a chaotic pattern was obtained as shown in Figure 5h .
The results shown in Figure 5d -f emphasize the importance of compartment II's excitability in inducing the spiral breakup of the revival wave in compartment I. This can be interpreted by taking into account the reaction mechanism for unusual wave behavior of the 1, 4-CHD reaction system suggested by Huh et al. 37 The dynamic instability for the breakup in compartment I cannot be interpreted by using the time gap in pouring the mixture between the two compartments alone. Moreover, there is no consistency observed in the results of Figure 3 , 4, and 5 since time difference of pouring between the two compartments is 1440 min in Figure 3 , 1020 min in Figure 4 , and 500 min in Figure 5 [37] [38] [39] have explained the unusual wave behavior in a 1,4-CHD reaction system by dividing two reaction mechanisms. The induction of the revival wave is explained by the required reaction time in producing an available concentration of H2Q from 1,4-CHD and Br-CHD. 44, 45 Simply stated, it means that the reaction mixture of the 1,4-CHD reaction system is unexcitable in inducing a wave in the break-period. Though the condition above is suited to a particular environment, the study of chaotic breakup remains a special and complex case unique from other systems reported. It is presumed that the unexcitable reaction mixture has a greater influence on the break up wave. This reaction is regardless of the difference between the reaction kinetics of the two compartments and may also be attributed to the difference of pouring time. Opening the window allows the merging of reaction mixtures with different dynamics. Hence, this scenario implies that hydrodynamic disturbances couples with the dominant reaction-diffusion dynamics of the system. In contrast to the intensively studied CHD-UBO, the latter is more complex due of its dynamic behavior which involves additional reaction such as the ones between CHD, H2Q, HBrO2, and ferroin.
Conclusion
The chaotic breakup of the propagating wave-train in a Petri dish partitioned with two compartments using a modi- A B fied BZ reaction system was examined. This system induces two types of patterns, the initial and the revival wave. In lieu of the results generated, further studies are necessary to clarify the kinetics of the CHD-BZ reaction. Research on this area will also lead to the formulation of an appropriate reaction model capable of reproducing the observed wave phenomena. On the other hand, the results of this study serve some significance in light of previous research that has established that mixing can be chaotic even for simple and well-ordered laminar fluid flows. However, in most real systems, fluids flow significantly enhances the mixing of reactive substances beyond diffusion alone. This advective mixing has a significant influence on the pattern formation process. Recent qualitative and quantitative studies have considered the influence of chaotic advection on chemical and biological pattern-forming systems. In particular, studies have shown that chaotic mixing in reacting systems usually produces filamentary patterns. The filaments mimic the structures used to describe chaotic mixing in the fluid flows. Hence, this indicates that the breakup is caused by the instabilities of the excitable medium in the stage of revival wave stage. This is induced by an inhomogeneity of the reaction system by diffusion of the reaction mixture for the initial wave. Nevertheless, there has been a great deal of interest in understanding how patterns form in nonlinear dynamical systems. To illustrate, there have been numerous studies on reactiondiffusion, including chemically reacting fluids, interacting populations and ecosystems, and systems with propagating fronts. A detailed study seeking to understand the experimental process that reinforces recent theoretical and numerical studies is in progress. Studies have indicated that the tools used to describe chaotic mixing can be applied to analyze and predict patterns in a reacting flow, such as opening window as in the case in this experiment.
